Objectives: Non-small cell lung cancer (NSCLC) is a heterogenous group of disorders that can be subclassified based upon molecular characterization. Anaplastic lymphoma kinase translocation and MET aberrations occur in a subset of NSCLC. Anaplastic lymphoma kinase/ MET have been shown to be inhibited by the small molecule tyrosine kinase inhibitor crizotinib. Recently, crizotinib was shown to decrease testosterone in males. Herein, we describe the effects of crizotinib on multiple hormonal axes.
A dvances in knowledge regarding the molecular basis of cancer have led to the development of a wide range of novel pharmacologic agents for use in oncology. Crizotinib (PF-02341066; Xalkori; Pfizer, La Jolla, CA) is a small molecule receptor tyrosine kinase inhibitor developed to antagonize MET and anaplastic lymphoma kinase (ALK). 1 Activating mutations of ALK are thought to result in approximately 4% of non-small cell lung cancer (NSCLC) cases, [2] [3] [4] and recent evidence has shown crizotinib to be superior to intravenous chemotherapy in NSCLC patients with ALK rearrangements. 5 In addition to activity against ALK, crizotinib also has selective activity against MET 6 as well as action on ROS, 7 suggesting that this agent may find broader use in the treatment of various malignancies. It is important to recognize that inhibition of these signaling pathways to address cancers may corrupt other cellular processes critical for normal cellular function. Likewise, the inhibition of one signal transduction cascade may impact many others through intracellular crosstalk between various signaling networks.
Evidence of potential endocrine disruption by the ALK/ MET inhibitor crizotinib was shown in male patients with NSCLC who developed hypogonadism. 8 The mechanism of hypogonadism was unclear, with gonadotropin (follicle stimulating hormone [FSH] and luteinizing hormone [LH] ) levels at the upper end of the normal range. In this study, the crizotinib-induced androgen deficiency appeared to be both rapid and reversible. The observed hypogonadism resulting from crizotinib therapy may have resulted from inhibition of its two main targets, ALK and MET, which are both expressed in the testes. 9, 10 Interestingly, both of these tyrosine kinase receptors are also expressed in the brain, including in the hypothalamus and pituitary. [11] [12] [13] [14] As such, inhibition of these receptors may result in the disruption of other hormonal axes. To interrogate this supposition, 7 consecutive patients on crizotinib therapy underwent evaluation of pituitary function and calcium homeostasis. The results presented concur with the previous report of testosterone deficiency in male patients; however, the present analysis also suggests the disruption of other hormonal systems, including calcium homeostasis and the growth hormone (GH)/insulin-like growth factor-1 (IGF-1) axis.
MATERIALS AND METHODS
Seven consecutive patients with NSCLC seen in the Oncology Clinic at the University of Chicago who were taking crizotinib underwent hormonal evaluation for pituitary and calcium disruption. The Institutional Review Board had previously approved the research study. On the basis of patient preference, laboratory studies were performed in the Clinical Chemistry Laboratory at the University of Chicago or at a commercial facility near the patient's home.
RESULTS

Crizotinib Results in Primary Hypogonadism
A previous report described the development of hypogonadism in male patients taking the drug crizotinib. 8 Because the targets of crizotinib are expressed in the hypothalamus and pituitary, patients underwent comprehensive pituitary evaluation to evaluate for hypogonadism as well as other hormonal disturbances (Table 1) . Of the 5 male patients in the study, 4 had frankly low testosterone (patients 1 and 4 to 6), whereas the fifth patient (patient 2) had a level near the lower end of the normal range. Of these patients, 4 had elevated FSH levels (patients 1, 2, 4, and 5); one had an elevated LH level (patient 2), and one had LH levels near the upper end of normal (patient 1). One patient with high-normal LH (patient 5) was on high-dose dexamethasone, which may have limited his LH response to testosterone deficiency. 15, 16 One female patient (patient 3) in the cohort was evaluated during the luteal phase of her menstrual cycle (based on menstrual history) and found to have a normal estradiol and FSH level with a high-normal LH level. The menstrual cycle phase of a second female patient was unknown (patient 7); however, she had low estradiol level and LH levels with an FSH that was low or inappropriately normal. Patient 7 was subsequently found to have metastatic involvement of her pituitary gland that may have resulted in central hypogonadism. These results suggest that crizotinib induces testicular dysfunction in male patients. In contrast, the effects in women are less clear.
Crizotinib Therapy is Associated With Elevated IGF-1 Levels
Because ALK and MET are expressed in the hypothalamus and pituitary, a comprehensive analysis of pituitary function was undertaken to ascertain whether other hormonal axes were disrupted by drug treatment. Six of the 7 patients had normal cortisol levels. The seventh patient (#5) had low adrenocorticotropic hormone and cortisol as a result of continued treatment with dexamethasone for brain metastases. Of the 6 patients with normal cortisol levels, one had an elevated adrenocorticotropic hormone level (patient 2). All patients appeared to have normal thyroid function. Four of the 7 patients had mildly elevated prolactin levels (patients 1, 3, 5, and 7), one of whom had a normal prolactin of 11.30 ng/mL on repeat testing (patient 3). Interestingly, 5 of the 7 patients (patients 1, 3, 5, 6, and 7) had elevated IGF-1 levels, whereas the other two had IGF-1 levels near the upper limit of the normal range (patients 2 and 4). In only one of those patients, however, was the GH level mildly elevated (patient 5), whereas a second patient had a GH level at the upper limit of normal (patient 7). Three patients who underwent glucose tolerance tests (patients 1, 3, and 5) showed normal suppression of GH in response to the glucose load (data not shown).
Crizotinib Treatment May Contribute to Hypocalcemia
Five of the 7 patients on crizotinib (patients 1, 2, 4, 6, and 7) had low calcium levels with three of these patients having low calcium levels after correcting for serum albumin (patients 1, 2, and 4) ( Table 2 ). Patients 1 and 2 had elevated parathyroid hormone (PTH) levels, whereas patient 6 had a PTH level that was near the upper limit of normal. The low calcium level in patient 2 may have been partly the result of low calcium intake; a fact supported by his low 24-hour urinary calcium excretion. Calcium supplementation for 2 weeks raised patient 4's calcium level into the normal range. The low calcium in patient 7 likely reflected a low serum albumin (2.6 g/dL; normal: 3.5 to 5.0 g/dL); however, she also had a Copyright r 2015 Wolters Kluwer Health, Inc. All rights reserved.
DISCUSSION
Crizotinib is a small molecule inhibitor of tyrosine kinase receptors that was developed to target MET but has activity against ALK and ROS, 1, 6, 7 and now appears to induce disruptions in multiple hormonal cascades (Fig. 1) . Consistent with previous reports, 8 the majority of male patients on crizotinib exhibited hypogonadism. The elevated or high-normal levels of gonadotropins in the present study suggest that this finding principally results from testicular dysfunction; it is less likely to be related to the coordinate hyperprolactinemia seen in several patients because prolactin is believed to induce hypogonadism through suppression of gonadatropins. Although ALK is expressed in the testes, 10 its function in mediating testosterone production is not known. In contrast, MET is expressed in the Leydig cells, and stimulation of this receptor with hepatocyte growth factor (HGF), the endogenous MET ligand, increases testosterone secretion and inhibits Leydig cell apoptosis. 18 Furthermore, HGF signaling regulates Leydig cell expression of extracellular matrix proteins 19 as well as Leydig-Sertoli cell interactions. 20 Collectively, these findings suggest that crizotinib likely induces hypogonadism through testicular MET disruption. Further, the dual effects on Leydig and Sertoli cells would be predicted to also impair spermatogenesis; however, this was not directly tested in the present cohort. Although the hypogonadism in one of the female patients was likely a consequence of metastatic disease to the pituitary, HGF signaling is also important for ovarian function 21 ; however, whether crizotinib-mediated inhibition of MET affects female reproduction requires further study. While the androgen receptor has been shown to promote growth in prostate cancer, its role in other malignancies is still under significant investigation. A recent report suggests that mice lacking the androgen receptor developed more undifferentiated and larger tumors in a model of hepatocellular carcinoma. 22 As such, testosterone deficiency in patients treated with crizotinib or other MET/ALK inhibitors could modulate tumor response, and further research examining whether androgens are antiproliferative or proproliferative in NSCLC are warranted to determine the appropriateness of hormone replacement therapy in hypogonadal patients.
Disruption of calcium homeostasis with crizotinib has not been described. Although the present cohort is small, 3 of the 7 patients had episodes of low serum calcium after correction for serum albumin, and 2 had appropriate compensatory increases in PTH. In a single report, HGF treatment resulted in the downregulation of the calcium sensing receptor in rat cardiomyocytes. 23 While it remains unclear whether similar effects occur in the parathyroid gland, antagonism of HGF signaling through MET may increase expression of the calcium sensing receptor, an effect predicted to lower calcium through a decrease in PTH secretion. The fact that 2 of the 3 hypocalcemic patients had elevated PTH levels, however, speaks against such a mechanism. Whether extracellular calcium levels modulate signaling through MET in vivo is not known. In hepatocellular carcinoma cells, disruptions in intracellular calcium levels resulted in the synthesis of an alternative c-Met that was found to be active independent of HGF. 24 Thus, alterations in calcium homeostasis could modulate cancer growth through disruption of this pathway. Interestingly, one normocalcemic patient in this cohort had elevated levels of 1,25-dihydroxy vitamin D. In rat interstitial fibroblasts, 1,25-dihdyroxy vitamin D was found to upregulate expression of HGF, 25 suggesting that enhanced vitamin D signaling may promote MET signaling and antagonize the effects of crizotinib. Further study is warranted to ascertain whether crizotinib plays a pathogenic role in hypocalcemia and if low calcium levels modulate disease progression.
Perhaps of greatest interest in the present study is the finding that all patients studied had high or high-normal levels of IGF-1. IGF-1 is an important growth factor that has received a significant amount of attention from the pharmaceutical industry as a potential molecular target in cancer; however, results in clinical trials have been disappointing. [26] [27] [28] [29] Interestingly, levels of IGF-1 appear to correlate with cancer risk in human populations, 30 and high levels of IGF-1 are associated with increased mortality in the general population. 31 Although IGF-1 can directly promote cell growth, recent evidence suggests that it engages in important cross-talk with the HGF/ MET signaling cascade. In a pancreatic carcinoma cell line, IGF-1 and HGF, signaling through MET, resulted in more than additive increases in cell migration and invasion, 32 an effect mediated through expression of urokinase-type plasminogen activator and its receptor. 33 Using a colon cancer cell line (CRC cells), this same group showed similar cooperativity between IGF-1-stimulated and HGF-stimulated migration and invasion, while suggesting that c-MET was required for IGF-1-mediated migration and invasion. 34 In an interesting study of a rat hepatocellular carcinoma model, IGF-1 was found to be a comitogen for HGF. 35 In this model, IGF-1 increased mitogenactivated protein kinase activity resulting in increased c-fos and c-jun expression; however, this did not increase mitogenesis. In contrast, HGF stimulation in this model led to a decrease in mitogenesis; however, when HGF treatment followed pretreatment with IGF-1, mitogenesis was stimulated.
These data suggest that the higher than normal levels of IGF-1 may be important in the pathogenesis of these patients, raising several interesting questions. First, is the elevated IGF-1 a primary contributor to cancer development in these patients or is it a compensatory response to MET inhibition? Second, if this is compensation, does the rise in IGF-1 antagonize the effectiveness of MET inhibitors? Third, if elevated IGF-1 antagonizes the effectiveness of MET inhibition, would dual therapy against both these molecular targets result in synergistic therapeutic responses? The posttherapy analysis of these patients limits inferences from being drawn regarding whether IGF-1 increases result as a response to therapy; however, patient 7 did exhibit a rise in IGF-1 from 8 to 26 days posttherapy initiation.
Whether the elevated IGF-1 levels reflect direct effects of crizotinib on hepatic synthesis or indirect effects mediated through GH secretion remain enigmatic. One individual had an elevated GH level, whereas another had a level at the upper end of the normal range. Because GH secretion is episodic, static measurements may not reflect elevated GH levels integrated over time. Interestingly, 4 of the 7 patients with elevated IGF-1 levels also had elevated prolactin levels (patients 1, 3, 5, and 7). As a result of their common embryological origins, a subset of pituitary cells can cosecrete GH and prolactin, 36, 37 suggesting that crizotinib may be acting centrally to alter endocrine axes. Whether the observed elevations in prolactin could play a role in the physiology of the patient's cancer remains an open question as prolactin signals through the JAK/ STAT pathway 38, 39 and mutations in this cascade have been identified in NSCLC. 40 Future studies will need to prospectively determine how ALK/MET inhibition alters secretion of growth-promoting hormones as well as the extent to which receptors for these pathways are expressed in patients with NSCLC.
The current report is limited by the small sample size and the fact that all endocrine measurements were taken while the patients were on crizotinib, which prevents definitive assessment of cause-and-effect relationships. In addition, IGF-1 binding proteins were not measured to provide an index of free hormone levels. Furthermore, paraneoplastic evaluation of these patients was not performed, and 5/7 patients had previously received other chemotherapeutic agents, raising the possibility that other factors may have contributed to the endocrine disturbances. As such, prospective studies are required to understand the potential role of crizotinib and other MET inhibitors in promoting IGF-1 secretion and whether augmentation of IGF signaling promotes disease progression. Likewise, additional examination of crizotinib effects on calcium homeostasis is warranted. From a clinical perspective, oncologists should be aware of potential endocrine disrupting effects of crizotinib, and remain vigilant to symptoms of hormonal disturbances. Furthermore, current evidence supports specific monitoring for the development of hypogonadism in male patients and potentially periodic calcium assessment as hypocalcemia may exacerbate the QT prolongation observed with crizotinib therapy.
Increasing understanding of the signal transduction pathways that regulate cell growth, survival, and migration has permitted the development of a vast array of new, targeted anticancer agents. Because of the significant cross-talk between pathways regulating cancer growth and normal physiology, these drugs may provide important new insights into the molecular mechanisms regulating endogenous hormonal signaling. Furthermore, hormonal disruptions induced by anticancer agents may partially counteract the therapeutic
